We have investigated the room-temperature photoluminescence ͑PL͒ characteristics of porous-silicon plasma implanted with carbon. Before implantation, the porous silicon made by anodizing emits intense orange light. After carbon-plasma-immersion ion implantation, the orange light disappears and blue light appears. Furthermore, intense blue light is obtained after annealing at 400°C for 30 min. Analytical results show that the quenching of orange light and appearance of blue light are due to the reduction of the size of nanocrystallites caused by implantation. The effects of different annealing temperature on the light-emission properties of the implanted porous silicon are also studied. The intensity decreases with increased temperature from 600 to 1000°C, but the PL intensity increases drastically again after annealing at 1250°C due to the formation of a substance. Porous silicon has been shown to exhibit efficient, visible, and room-temperature photoluminescence.
Porous silicon has been shown to exhibit efficient, visible, and room-temperature photoluminescence. 1 Various kinds of porous silicon emitting light ranging from red to blue have been fabricated. However, strong photoluminescence emission is generally in the red-green region, and bluelight-emitting porous-silicon materials are difficult to prepare. Because porous silicon giving off blue light has large porosity, the material is very fragile and difficult to synthesize by anodizing in HF solution. Some approaches, such as high-temperature annealing, 2 boiling-water treatment, 3 and spark erosion 4 have been attempted. The objective of these methods is the same, that is, to reduce the size of the silicon nanocrystals to further enlarge the band gap of Si, but unfortunately, the emission intensity is weak, and the stability and reproducibility are poor.
The effects of implantation on the luminescence of porous silicon have been studied. 5, 6 The results show that implanting a small dose of dopant atoms such as B and P maintains or even increases the continuous-wave photoluminescence intensity and increases the time-dependent photoluminescence decay time, while high-dose dopant implantation quenches the photoluminescence efficiency. 6 In Refs. 5 and 6, blue emission was not reported. Liao et al. 7 reported that porous SiC on crystal Si could be obtained by annealing C ϩ -implanted silicon and blue-light emission could result. However, there have been no reports on the luminescence of porous silicon implanted with carbon. In this work, porous silicon was implanted with carbon by plasma-immersion ion implantation ͑PIII͒, and the luminescence properties of samples annealed at different temperatures were investigated. PIII is a simple and efficient implantation technique in which the implantation time is independent of the wafer size. 8 Our results show that intense blue light is emitted from carbon-plasma-implanted porous silicon after annealing at 400°C for 30 min. Phosphorus-doped ͗100͘ Si wafers, with resistivity of 1-3 ⍀ cm, were anodized in an electrolyte composed of HF:ethanolϭ1:1 at a current density of 10 mA/cm 2 for 10 min without illumination to form porous silicon. The porous silicon was subsequently implanted with a carbon dose of 1ϫ10 17 cm Ϫ2 using a custom-designed plasma-immersion ion implanter with a base pressure of 1ϫ10 Ϫ5 . 9 The sample bias voltage, pulse duration, and the repetition rate were Ϫ10 kV, 350 s, and 66 Hz, respectively. Compared to conventional beam-line ion implantation, plasma-ionimmersion implantation has many advantages, such as instrument simplicity, efficiency, throughput, and easy variation of implantation energy. 8 The implanted samples were subsequently annealed at different temperatures from 400 to 1250°C for 30 min in flowing N 2 . Photoluminescence ͑PL͒ spectra were acquired at room temperature using a Hitachi F4010 fluorescence spectrophotometer using a Xe lamp as the excitation source. Fourier transformation infrared spectroscopy ͑FTIR͒ and x-ray photoelectron spectroscopy ͑XPS͒ were used to characterize the samples.
Based on TRIM calculation, the projected range (R p ) of C ϩ in single-crystal silicon is 31.6Ϯ17.4 nm, but should be larger in porous silicon. Based on the Rutherford backscattering results acquired from the as-implanted sample, the implanted carbon is distributed from the surface to a depth of 70 nm. Therefore, the excitation light used in this experiment passes through the implanted layer. Figure 1 shows the room-temperature PL spectra of the porous silicon before and after carbon PIII using an excitation wavelength of 250 nm. It can be observed that the unimplanted porous silicon emits orange light with the peak of the radiation at 603 nm, and the light is intense enough to observe with the naked eye. After implantation, the orange-light peak disappears completely and the results are consistent with reports in the a͒ Author to whom correspondence should be addressed; electronic mail: paul.chu@cityu.edu.hk literature. 5, 6 Furthermore, in our PL spectrum, a peak at 454 nm appears after implantation, but the amplitude of the peak is quite small.
Damage is inevitably created by implantation, and so we annealed the sample at different temperatures. As shown in Fig. 2 , after annealing for 30 min at 400°C, the PL intensity increases substantially and exceeds that of the orange light emitted from the unimplanted porous silicon illustrated in Fig. 1 . This broad peak actually comprises four overlapping peaks with the strongest one located in the blue region. The PL intensity decreases with higher annealing temperature from 600 to 1000°C. After annealing at 1000°C, the intensity of the luminescence is very small and the location of the most intense peak has changed. Upon further annealing at 1250°C, the PL intensity rises again.
The results of Peng et al. 6 show that annealing can restore the PL intensity partially. From our PL spectra, the orange light does not reappear even after high-temperature annealing, and so it is believed that the disappearance of the orange light is not caused by implantation-induced damage. Porous silicon is fragile and easily destroyed during implantation to become smaller crystallites. According to the quantum-confinement effects, the fundamental band gap of Si quantum wires at 300 K is a function of the wire size. 10 Hence, the quenching of orange light and resurgence of blue light are probably due to the reduction of the size of the nanocrystallites in porous silicon by implantation. After annealing at 400°C for 30 min, the damage caused by implantation is removed partially, and so is the number of nonradiative centers. Therefore, the PL intensity increases precipitously. In addition, luminescence is usually related to the composition of the samples. In the FTIR spectra depicted in Fig. 3 , peaks at 460, 627, 835, 870, 1040-1160, 2088-2111, and 2250 cm Ϫ1 represent Si-O-Si bending, Si-H 2 deformation, Si-H 2 wagging, Si-H 2 scissor, Si-O-Si stretching, Si-H stretching, and O-Si-H stretching, respectively. Compared with the unimplanted porous-silicon spectrum, no new peak appears after implantation, but the intensity of some peaks related to Si-H x is reduced. In addition, the hydrogen content diminishes with annealing temperature. It has been reported that hydrogen can passivate the surface of silicon wires to enhance the luminescence of porous silicon. 11 Thus, we believe that the behavior between 400 and 1000°C is a competition between the elimination of implantation damage and reduction of surface hydrogen. When the annealing temperature is low, the former mechanism dominates, whereas the reduction of surface hydrogen takes precedence when the annealing temperature is higher than 600°C.
After annealing at 1250°C, many new peaks such as those at 488, 687, and 847 cm Ϫ1 emerge in the FTIR spectrum. Among them, peaks at 687 and 847 cm Ϫ1 represent stretching vibration of Si-C bonds in compounds with Si, C, and H, while the peak at 488 cm Ϫ1 indicates Si-O-C vibration. FTIR conveys both surface and bulk information and XPS discloses more specifically the surface composition and chemical states. Before the XPS measurement, the samples were sputter etched for several minutes to remove surface contaminants. Figure 4 shows the Si 2p spectra acquired from carbon-plasma-implanted porous silicon ͑a͒ without annealing, ͑b͒ annealed at 1000°C, and ͑c͒ annealed at 1250°C for 30 min. It can be readily observed that the three spectra are quite different. For the as-implanted sample, there is only one Si 2p peak at 99.2 eV, and the spectrum of the 1000°C sample can be deconvoluted into two peaks at 103.4 and 99.2 eV, indicating the existence of Si in SiO 2 and crystal silicon, respectively. In the spectrum of the 1250°C specimen, besides the two peaks observed in the 1000°C sample shown in Fig. 4͑b͒ , there is an additional peak at 101 eV. Its binding energy is larger than that in SiC ͑100.2 eV͒ and smaller than that in SiO 2 . Both the FTIR and XPS results suggest that there are substances created at 1250°C and they may be silicon carbide with oxygen. Therefore, the increase in the PL intensity is likely due to the formation of these substances. Contrary to crystalline Si implanted with C ϩ , 12 SiC is not detected directly in our experiments. It may be because the carbon atoms are dispersed throughout this surface layer and oxidation at high temperature is easier.
In summary, we have presented a technique to prepare porous silicon that emits intense blue light and the materials have potentials in the display and white-light industry. Our experiments show that carbon-plasma-immersion ion implantation quenches the orange light in porous silicon, and intense blue-light emission is instead observed after annealing. Annealing within a certain temperature range increases the PL intensity because of the removal of damage created during implantation. However, the reduction of hydrogen at high temperature decreases the PL intensity. When the annealing temperature reaches 1250°C, the PL intensity increases again, and our FTIR and XPS results indicate that it is due to the formation of silicon carbides with O or H. 
